Abstract-A novel multiple-input and multiple-output transmission scheme termed as space-time block coded quadrature spatial modulation (STBC-QSM) is proposed. It amalgamates the concept of quadrature spatial modulation (QSM) and space-time block coding (STBC) to exploit the diversity benefits of STBC relying on sparse radio frequency chains. In the proposed STBC-QSM scheme, the conventional constellation points of the STBC structure are replaced by the QSM symbols; hence, the information bits are conveyed both by the antenna indices as well as by conventional STBC blocks. Furthermore, an efficient Bayesian compressive sensing (BCS) algorithm is developed for our proposed STBC-QSM system. Both our analytical and simulation results demonstrated that the proposed scheme is capable of providing considerable performance gains over the existing schemes. Moreover, the proposed BCS detector is capable of approaching the maximum likelihood detector's performance despite only imposing a complexity near similar to that of the minimum mean square error detector in the high signal-to-noise ratio regions.
tion [8] - [9] , as well as on its extension to multi-carrier transmission [10] . In order to exploit the diversity gain of the QSM and SM system, the diversity oriented QSM and SM designs were investigated in [11] [12] [13] [14] . Specifically, in [13] , an Enhanced SM relying on an Arbitrary Transmit Antenna (ESM-ATA) configuration and single or twin RF stages was proposed. Specifically, in the ESM-ATA scheme, a novel Space Time Block Coding (STBC) based SM structure was presented, which is capable of outperforming the existing STBC-SM schemes [11] in terms of its Bit Error Ratio (BER), despite its modest complexity. However, this scheme achieves its diversity gain at the expense of a reduced transmit rate. In order to achieve a beneficial diversity gain at a high transmit rate, a Diversity-Achieving QSM (DA-QSM) scheme was proposed in [14] by amalgamating the QSM concept with the dispersion matrices. However, since the QSM scheme is a recently developed MIMO arrangement, how to exploit the diversity gain by involving the classic STBC structure has not been investigated. On the other hand, since the SM based MIMO schemes exhibit an inherent transmit symbol sparsity, Compressive Sensing (CS) has been invoked as an efficient detection tool of detecting the SM based MIMO symbols [15] , [16] .
In order to further exploit the diversity gain of QSM system at a lowcomplexity, in this paper a novel STBC-QSM system relying on Efficient Bayesian CS (E-BCS) detector is investigated. Furthermore, both the diversity gain and the Average Bit Error Probability (ABEP) are analyzed for the proposed STBC-QSM system. Both the theoretical and simulation results demonstrate that the proposed STBC-QSM system is capable of providing significant performance gains over the existing QSM and STBC based SM schemes. Moreover, an Efficient Bayesian Compressive Sensing detector is proposed for our STBC-QSM system, which is capable of approaching the Maximum Likelihood (ML) detector's performance at the Minimum Mean Square Error (MMSE) detector's complexity in the high Signal to Noise Ratio (SNR) region.
II. QSM SYSTEM
We consider a QSM system having N t Transmit Antennas (TAs) and N r Receive Antennas (RAs) operating in flat Rayleigh fading channels. In a QSM scheme, the information bits are divided into two parts, where 2 log 2 (N t ) bits are mapped to the active TA indices and log 2 (M ) bits are mapped to an M -ary APM symbol x. To be specific, log 2 (N t ) bits are used for selecting a specific TA for transmitting the real part of signal x and another log 2 (N t ) bits are used for selecting an active TA to transmit the imaginary part of x. Based on the above mapping rule, the transmitted signal x ∈ C N t ×1 can be represented as
where x and x denote the real and imaginary parts of x, respectively, while l = (1, ..., N t ) and l = (1, ..., N t ) represent the corresponding active TA indices.
III. PROPOSED SPACE TIME BLOCK CODING QUADRATURE SPATIAL MODULATION SYSTEM
We propose a STBC-QSM system having N t TAs and N r RAs operating in the flat Rayleigh fading channels. In the proposed This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ STBC-QSM scheme, based on the QSM mapping principle, the 2 × [2 log 2 (N t /2) + log 2 (M )] information bits are first mapped to a pair of QSM symbols x i i = 1, 2 using N t /2 TAs as
where l i , l i , x i , x i are the antenna indices and symbols of the QSM symbol x i .
Then the transmit symbol of our proposed STBC-QSM system can be expressed as
Let H ∈ C N r ×N t and n ∈ C N r ×1 denote the MIMO channel matrix and the noise vector, whose elements obey the complex Gaussian distributions associated with CN (0, 1) and CN (0, σ 2 ), respectively, where σ 2 is the noise variance. According to (3), the received signal matrix
consisting of a pair of time slots can be expressed as
where H 1 and H 2 denote the first N t /2 columns and second N t /2 columns of H. Hence, the optimal ML-based demodulator can be formulated asX = arg min
where X QSM is the set of the proposed STBC-QSM symbols.
IV. PERFORMANCE ANALYSIS FOR THE PROPOSED STBC-QSM SYSTEM

A. Diversity and Coding Gain Analysis
In this section, the diversity and coding gain of the porposed STBC-QSM system is analyzed. Assuming that the i-th and j-th STBC-QSM symbols are expressed as
the diversity and coding gain can be expressed as [13] G = min
where Δ = X i − X j . According to (6), we have
with Hence, the coding gain can be expressed as
which can be further expressed as
According to (9), we have
, min
(11) Since we have
where δ m in = min(||x 1 − x 2 || 2 ) denotes the minimum Euclidean Distance (ED) between any two QSM symbols x 1 and x 2 . As a result, the coding gain can be further expressed as
According to (2) , the ED of any two QSM symbols such as x 1 and x 2 can be expressed as
Then the value of δ m in can be further expressed as δ m in = min
= min
[ min
Finally, the code gain of the proposed STBC-QSM scheme is expressed as
(16) In order to provide further insights, the maximum coding gain comparisons between the proposed STBC-QSM scheme and the existing scheme are presented in Table I . Observe from Table I that the coding gain of the proposed STBC-QSM scheme is only dependent on the constellation size and it is higher than that of the existing ESM-ATA system.
B. ABEP Analysis of STBC-QSM
Let us now denote the transmit and receive signal of STBC-QSM by X i and X j , respectively. Then the ABEP upper bound is given by
where d(X i , X j ) is the number of error bits and P (X i → X j ) denotes the Pairwise Error Probability (PEP). According to [13] , the value of P (X i → X j ) can be obtained by Eq. (18), where κ i,j is the rank of the distance matrix and  λ i,j,1 , . . . , λ i,j,κ i , j are the non-zero eigenvalues of D 
V. BAYESIAN COMPRESSIVE SENSING DETECTION FOR OUR STBC-QSM SYSTEM
A. Bayesian CS Detection
In order to reduce the complexity of the ML detector, in this section Bayesian CS (BCS) aided detection is investigated in the context of our proposed STBC-QSM system. Firstly, Eq. (4) can be represented as
Observe from (19) that the sparsity of x is varied from 2,3,4. In order to make the sparsity of the transmit symbol a constant, (19) is formulated in the real valued field as
whereỹ
. Therefore, the sparsity ofx becomes four, and the indices of the nonzero elements are distributed as l 1 , l 2 + N t /2, l 1 + N t , l 1 + 3N t /2, which can be beneficially exploited for BCS detection. In the context of BCS detection [8] , the transmit symbol is estimated aŝ
where we have
According to (20), the density ofx conditioned on γ is Gaussian, formulated as
where γ = [γ 1 , ..., γ 2N t ] denotes the variance vector ofx. Then Eq. (21) can be reformulated as
p([x, γ]|ỹ) = p(x|ỹ; γ)p(γ|ỹ).
The value of p(x|ỹ; γ) obeys the Gaussian distribution formulated as
with the mean and variance vector given by
where we have Σỹ = σ 2 I +WΓW T and Γ = diag(γ). According to [8] , the variance vector can be updated as
where μ i and Σ i,i denote the i-th element of μ and the i-th diag element of Σ, respectively. Since the activated indices of (20) are special, the elements of {γ
can be divided into four parts and sorted in descending order aŝ
Finally, the activated indices of (20) can be obtained as
) and the corresponding constellation symbols are estimated as
where Q(·) denotes the digital demodulation function andW Λ represents the sub-matrix ofW including Λ columns.
B. Efficient Bayesian CS Detection
In order to further improve the performance of the BCS detector, an efficient BCS detector is proposed for our STBC-QSM system. In the proposed E-BCS detector, specific thresholds are employed for eliminating the inaccurate results estimated by the BCS detector. As for the inaccurate results, we increase the search space to improve the attainable performance gain. The E-BCS detector operates as follows.
Step 1: Obtainγ 1 ,γ 2 ,γ 3 andγ 4 by (29).
Step 2: Determine wether the estimated indices are right or not; If we haveγ Step 4: For each index set Λ= (1, ..., N m ) of Step 3, the corresponding symbol vector s q can be estimated by (30). 
Algorithm 1:
The Proposed E-BCS Detector.
Compute the mean value μ and covariance matrix Σ using (27). 
Obtain the optimal indexq by (31). 13: Λ = Λq . 14: s can be obtained by (30) using Λ.
Step 5: Based on the results of Steps 3 and 4, the final results can be estimated asq
In summary, the detail process of the E-BCS detector is shown in Algorithm 1.
VI. SIMULATION RESULTS
In this section, the performances of the proposed STBC-QSM systems are presented and compared in Figs. 1 and 4 . In all the simulation results, perfect channel state information is assumed. Specifically, Fig. 1 compares the performance of the proposed STBC-QSM system to that of the DA-QSM system [14] and of the ESM-ATA system [13] having N t = 4, N r = 4 at 4 bits/s/Hz and N t = 8, N r = 8 at 6 bits/s/Hz. ML detectors are employed in these systems. Moreover, the theoretical performances of the proposed STBC-QSM system are also added. As seen from Fig. 1 , the upper bound derived becomes very tight upon increasing the SNR values for the proposed STBC-QSM schemes, which is helpful for evaluating the BER performances. It is also shown that the STBC-QSM scheme advocated is capable of outperforming the DA-QSM system and the ESM-ATA scheme by 1.5 dB and 3.5 dB at BER = 10 −5 , respectively. Fig. 2 compares the performance of the ML detector based STBC-QSM system to that of the QSM system having N t = 4, N r = 2 at 6 bits/s/Hz and N t = 8, N r = 2 at 8 bits/s/Hz. In this case, 16-QAM is employed in the STBC-QSM system, while QPSK is employed in the QSM system. Observe from Fig. 2 that the proposed STBC-QSM system is capable of outperforming the QSM system by 7.5 dB for both of the above setups. obtained from our simulation statistics. Observe from Fig. 3 that the performance of the proposed E-BCS detector associated with the above thresholds is capable of approaching the ML detector and outperforming the existing MMSE, ECS [15] and BCS [16] , detectors. Similar trends can also be observed for the case of N t = 8 and N r = 8 in Fig. 4 . As for their complexity comparison, the complexity of the above detectors is mainly dominated by the average number of search candidates, which are shown in Table II . Observe from Table II that the average number of search candidates for the proposed E-BCS detector is close to one in the high-SNR region. To elaborate in high SNR region, there may be only very few STBC-QSM symbols that are estimated inaccurately by the BCS detector, while the proposed thresholds based E-BCS detector is capable of handing these inaccurate symbols efficiently. By increasing the number of search paths, these inaccurate symbols are still likely to be finally accurately detected. As a result, the proposed E-BCS detector is capable of approaching the ML detector's performance at a complexity similar to that of the MMSE detector.
VII. CONCLUSION
In this paper, a novel STBC-QSM based MIMO system is proposed, which endows the QSM system with a diversity gain by incorporating the classic STBC structure. Furthermore, an efficient Bayesian CS detector is proposed for our STBC-QSM system. Our simulation results have shown that the proposed STBC-QSM system is capable of providing considerable performance gains over both the recently developed DA-QSM and ESM-ATA systems for any setups having the same transmission rate, as well as providing more than 7.5 dB performance gain over the QSM system with one or two receiver antennas. Moreover, the E-BCS detector proposed for our STBC-QSM system is capable of approaching the ML detector's performance at the MMSE detector's complexity in the high-SNR region. The performance of the QSM system combined with generalized STBC and that of imperfect channel estimation will be considered in our future work.
